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Symbiotic relationships between legumes and soil bacteria, collectively called rhizobia, substantially 
contribute to agricultural production and the nitrogen cycle on the Earth. Rhizobia induce nodule formation on the 
roots of legumes and fix atmospheric nitrogen (N), which has a potential to reduce excessive use of chemical N 
fertilizer. The nodulation process involves a complex exchange of molecular signals between two partners that 
enables hosts to distinguish compatible rhizobia from potential pathogens. Compatible symbiotic interactions lead 
to efficient nodulation (symbiotic compatibility), whereas some legumes are incompatible with specific rhizobial 
strains and restrict nodulation (symbiotic incompatibility). For better use of symbiotic N fixation in the agricultural 
system, it is necessary to understand the mechanism controlling the symbiotic (in)compatibility.  
 
Bradyrhizobium elkanii USDA61, one of the widely-used bioinoculants, generally establishes symbiosis with 
soybeans (Glycine max) and mung beans (Vigna radiata) but occasionally exhibits incompatibility with several 
specific legume cultivars including soybeans carrying an Rj4 allele and mung bean cv. KPS1. Previous studies have 
revealed that these symbiotic incompatibilities are caused by the presence of a rhizobial type III secretion system 
(T3SS) which is known to deliver effector proteins into host cells. However, biochemical function of effectors and 
molecular mechanisms of T3SS-mediated interactions between rhizobia and legumes, especially Vigna species 
remained unclear. Thus, this study aimed to identify and characterize rhizobial genetic loci responsible for symbiotic 
incompatibility with Vigna species to understand molecular mechanisms controlling rhizobia – Vigna species 
symbiosis. 
 
In Chapter 1, 5 symbiotic genes of USDA61, designated innA, innB, innC, innD, and innE, determining 
incompatibility with V. radiata KPS1 were successfully identified by transposon mutagenesis. Among them, 4 
 
 
genes also control incompatibility with both KPS1 and Rj4 plants, whereas the fifth gene, innB, preceded by a tts 
box, encodes a putative T3 effector specifically responsible for KPS1 nodulation restriction.  
 
In Chapter 2, the putative T3 effector-encoding innB was further characterized by gene expression, protein 
secretion, and phenotypic analyses. The innB was highly conserved among T3SS-harboring rhizobia and expressed 
dependently on plant flavonoids and the T3SS transcriptional regulator TtsI. Biochemical and phenotypic analyses 
verified that InnB is a novel rhizobial effector translocated into host cells and controlling symbiosis with both mung 
bean and black gram (V. mungo).  
 
In Chapter 3, molecular function of InnB was characterized using in silico, biochemical, truncation mutation, 
and phenotypic analyses. InnB possesses two functional domains [DNA polymerase III subunits gamma and tau 
(DP3SGT) and a site-specific recombinase] and predicted to be involved in host protein and/or DNA direct 
interactions. Inoculation tests using several mung bean varieties revealed that these two domains determined InnB 
effects on symbioses with both incompatible and compatible plants. Notably, the symbiotic phenotype of innB 
mutant was significantly improved compared with those of the T3SS-deficient mutant, suggesting the presence of 
other positive effectors controlling symbiosis. 
 
 In Chapter 4, the synergetic effect of effectors in B. elkanii was investigated using several Vigna species. By 
multi-mutational analysis, it was revealed that the effector NopL strongly promoted nodulation on both incompatible 
and compatible mung bean varieties under innB mutant background. Moreover, T3SS of B. elkanii triggered 
nodulation on several V. mungo varieties through Nod-factor signaling. These results suggested that an effector 
cocktail rather than a single effector dominantly determined symbioses with Vigna species. 
 
In Chapter 5, functions of the newly-identified 4 genes involved in protein secretion were analyzed using in 
silico, molecular, biochemical and phenotypic analyses. The innA, C, D, and E putatively encode cytosine 
deaminase (Bact-CD), tellurite resistance protein (TerB), ABC transporter substrate-binding protein (FcbT1) and 
(p)ppGpp synthase (SpoT), respectively. These genes were conserved among plant-associated bacteria. Expression 
analysis revealed that the transcription of innD was regulated by the TtsI. The innD mutant exhibited similar 
symbiotic phenotype as T3SS mutant, implying the InnD plays a vital role in effector secretion and translocation.  
 
In conclusion, this study identified for the first time rhizobial factors controlling symbiotic (in)compatibility 
with Vigna species. These factors include a novel effector (InnB), a novel T3SS-related factor (InnD) and factors 
of unknown function. Mutations of these factors drastically altered the symbiotic phenotypes with Vigna species, 
suggesting that these factors consist of a substantive part of symbiotic signaling. These novel findings shed new 
light not only on the molecular mechanisms governing plant-microbe interactions but it will also contribute to 
developing a rhizobial inoculant which is compatible with the target legumes. 
 
 
 
 
